other vole species, in captivity has a short-term activity rhythm in daytime, with a period of circa two hours. Trapping records show that this rhythm exists also in field conditions, with the population in synchrony to some degree; a correlation of trapping frequency with vole predation by kestrels indicates that it reflects the true natural behaviour.
Summary. 1. The common vole, Microtus arvalis, like
other vole species, in captivity has a short-term activity rhythm in daytime, with a period of circa two hours. Trapping records show that this rhythm exists also in field conditions, with the population in synchrony to some degree; a correlation of trapping frequency with vole predation by kestrels indicates that it reflects the true natural behaviour.
2. Lehmann's (1976) 
evidence in Microtus agrestis
that the short-term activity rhythm is essentially a feeding rhythm is supported for the common vole by separate recording of wheel running, feeding and nestbox occupation.
3. The short-term rhythm is phase-locked to dawn. There is fair intraindividual constancy from day to day in the timing of meals, but interindividual variation causes a gradual breakdown of population synchrony in the course of the day, both in the field and in captive isolation.
4. The frequency of the rhythm may be evolutionarily adjusted to metabolic demands of the species, as suggested by its dependence on body weight, but remains relatively invariant in the face of experimental (temperature) manipulation of metabolic expenditure. In the absence of food during the day, feeding attempts recur with the same timing as meals did before: periodic changes in satiety, related to food intake and digestion are insufficient to account for such changes in feeding motivation.
5. The risk of being killed by a kestrel is lower for voles active in phase with the population majority than for voles out of phase with the population : there is safety in numbers. Numbers vary dramatically in vole populations, however, and the generality of predatory selection for prey synchrony remains to be tested.
Introduction
Spontaneous activity of most animals is subject to conspicuous daily variations. The often remarkable precision in the timing of nocturnal or diurnal activity, and their clear adaptive significance have generated much scientific fascination with the physiological basis of circadian activity rhythms. Similar temporal variations on a smaller time scale have attracted much less attention. Yet, among small mammals, polyphasic activity patterns (Szymanski, 1920) , with bouts of activity and rest alternating throughout the 24-hour cycle, are well-known. Especially in voles such shortterm rhythms with a period of two to three hours appear with intriguing regularity in activity records (e.g. Davis, 1933; Erkinaro, 1969; Lehmann, 1976) . Their predictability has led Erkinaro (1973) to apply concepts borrowed from the circadian field to their analysis. He concluded that statistical properties of the short term activity rhythm of lemmings (Lemmus lemmus) and water voles (Arvicola terrestris) suggested a clear analogy with the circadian (oscillator) model. Thus the question emerges if the spontaneous short-term rhythm is the product of an endogenous oscillation. Lehmann (1976, p. 197) has questioned the oscillation hypothesis on analytical grounds. Also from an evolutionary point of view it is obscure how a, possibly central nervous, timing 0340-7594/78/0127/0215/$02.60 mechanism generating bouts of activity every two hours should have come about. Zoologists have come to understand circadian rhythms as innate temporal programs matching the day outside in an adaptive manner. Indeed, properties of circadian oscillators can be understood in considerable detail as functional requirements for this purpose (Pittendrigh and Daan, 1976) . For a short-term periodicity there is no known counterpart in the animal's environment: no twohour rhythm in light, temperature or predation pressure is known, in response to which organisms could possibly have developed endogenous oscillators for optimal timing of behaviours.
For better understanding of both physiological and ecological implications of the short-term rhythm, it is mandatory to know if it represents the natural behaviour of these small mammals. All two-hour activity rhythms reported so far originate from animals in captivity. Constancy of the environment, the usually ad libitum food situation and lack of disturbance may have enhanced the precision of the twohour rhythms, if not induced them. This paper purports to demonstrate the existence of short-term rhythms in the vole Microtus arvalis in field conditions and to shed new light on their physiological organization and adaptive significance.
Short-Term Activity Rhythms in the Field
The data on patterns of activity in the field were collected by live-trapping voles on a I/2 hectare plot in the "Lauwersmeer" (53 ~ North, 6 ~ East). This is the newest land reclamation area in the Netherlands, closed off from the sea in May, 1969. Rapid colonization of the area by vegetation (Joenje, 1974) resulted in a vole plague in 1970, followed by a stabilizing development with more gentle fluctuations in vole density with peaks in 1974 and 1976. A grid of 14 parallel trap lines, 5 m apart, each with 14 Longworth traps, also 5 m apart, was set up in a natural vegetation of reeds, grasses, and some seashore plants such as Aster tripolium, Atriplex hastata and Scirpus maritimus. The area was inhabited by stoat (Mustela erminea), weasel (Mustela nivalis), woodmouse (Apodemus sylvaticus), harvest mouse (Micromys minutus), and common vole (Microtus arvalis). Traps were baited with carrot and grains and provided with hay. A standard trapping program carried out every two months on this plot from October 1976 till January 1978 consisted of 8 days with checks around sunrise and sunset in which all newly caught individuals were marked by toe-clipping. At the end of each period, when catches were sufficiently numerous, the traps were inspected every 20 min for 1, 2 or 3 multiples of 24 h. In some cases such frequent checks were made during the daylight hours only. Checks were made on a standard walk along the traplines, starting at line A trap 1 at exactly 9.00, 9.20, 9.40 etc., and ending at line N trap 14, 15 20 min later. In March and May, when both density and trappability of voles were low, similar data were collected with traps placed close to nest entrances in the same area. Usually, two observers alternatingly made the checks. At night a small torch was used to inspect the trapdoors.
A typical distribution of vole trappings over three days and nights is shown in Figure 1 . In September trappings were slightly more frequent at night than in daytime. In daytime trappings appeared concentrated around 8:00, 10:30, 13:00 and 15:00. These "peaks" were separated by periods of lower trappability, and virtually no voles were caught in the first hour after sunrise. Figure 2 summarizes the data of this kind collected in various seasons. In all seasons at least three peaks in vole catches were found in daytime, although the patterns in May and August were more smoothed than those observed from September till March. As a rule, the fluctuations became less pronounced in the afternoon. Seasonal changes in timing of the peaks suggest that the rhythm is phase-locked to dawn. The first diurnal peak in vole catches centered around 2 h after civil twilight, at least from October till March, although this was slightly later in summer (August, May) (Fig. 3) . The second and third peaks were likewise shifted with season. Further there was a trend of slightly shorter peak-to-peak intervals in the winter months, although the differences do not exceed the resolution of 20' in the data series.
Apparently we are looking at a population phenomenon; yet it is based on individual short-term changes in trappability. This is illustrated by plotting in Figure 4 trapping times of the 3 most trap-prone individual voles in the three-day September 1977 series. Trappings of these animals were obviously clumped in time. In the two individuals (/4 479 ~ and /4 497 if) trapped 15 times or more, trappings merge into a circa two-hour rhythm. The data in Figure 4 suggest that individuals in the population may be slightly out of phase: In /4 497 d' the first trapping of the day was at 8 o'clock sharp on all 3 consecutive days. In/4 479 ~ the first peak centered around 8:40. Interindividual variation in phase and period of the rhythm of trappability will obviously lead to a gradual breakdown of the population rhythm in the course of the day.
Short-Term Activity Rhythms in Captivity
The two-hour activity rhythm in captive voles has been studied most thoroughly in Microtus agrestis (Lehmann, 1976) . By recording various behaviours separately, Lehmann found evidence that the short activity rhythm in daytime primarily is, an alternation of feeding and resting. No wheel running occurred in his voles during the light. The resting periods were almost totally spent in the artificial burrows provided. The alternation of feeding bouts and what amounts to digestive pauses in the nestbox could be described as a stochastic process with time-dependent probabilities of transition from resting to feeding and vice versa (Lehmann, 1976) . The question remains whether the changing probabilities are generated by the processes of feeding and digestion or by a central timing system. Such a timing system might for instance be a central nervous oscillator causing rhythmic changes in motivation independent of the consummatory acts. We report below some experimental results which bear on this question. These experiments in Microtus arvalis were not specifically designed to investigate the question of central nervous regulation. They were rather set up in an attempt to determine ecological determinants of the seasonal inversion from diurnal activity in winter to nocturnal activity in summer, reported initially by Ostermann (1956) and documented since for several species both in the field and in captivity. This seasonal variation will be subject of a separate paper.
Voles were collected in the Lauwersmeer area and transferred to recording cages (25 x 25 x 40 cm), equipped with running wheel, food rack with mouse pellet food (" Muracon") and nestbox. An EsterlineAngus event recorder (chart speed 1 inch/h) recorded passages to and from the nestbox through an IR light beam, pressings of a bar below the food rack while the vole was feeding, and running wheel revolutions. The experiments were done in temperature controlled but not sound-proof cabinets in an artificial LD 12:12 cycle. ADD (continuous darkness) experiment was run in a sound-proof cabinet. Figure 5 shows the record of wheel-running and feeding activity of a vole exposed to 3 different temperatures. The result is representative for all voles tested so far. Wheel running occurs virtually only during the hours of darkness. Feeding occurs in bouts throughout the day and night. Feeding bouts during the daylight hours are arranged at intervals of about two hours, with the first bout occurring at ca. 9:00 a.m., i.e. about 1.75 h after lights-on. The second and later feeding bouts during daylight are progressively less precisely timed. Thereby a cumulative record over a number of days ( Fig. 6 ) reveals a sharply distinguished first daily feeding peak while the later peaks are progessively less pronounced, although still present till late afternoon. Averaging such records from 3 individual voles in this experiment which had clearcut feeding rhythms, yields a kind of simulated # 479 9
Microtus arvalis 9 trapping times of 3 individual voles U 8W . Cumulative records of feeding activity of a vole at 3 different ambient temperatures. Occurrence of feeding activity in each 6' interval is scored as 1, and scores added over a 10-day period p o p u l a t i o n r h y t h m ( Fig. 7) : introduction of interindividual variation apparently further reduces the regularity of the pattern. But peaks and troughs in population feeding activity still remain detectable, and again the first m o r n i n g peak is most clearly expressed. The overall rhythmic pattern is much more conspicuous t h r o u g h o u t the day when activity in a group of voles is studied together, as in a pilot experiment reported in Figure 8 . This suggests that c o m m o n voles may be able to synchronize their feeding bouts with those of other group members.
The pattern of a short-term feeding r h y t h m in daytime and t e m p o r a l l y disperse feeding and l o c o m otor activity during the night is not dependent on the presence of a light-dark cycle. In continuous darkness (DD), essentially the same t e m p o r a l organization of wheel running and feeding activity is shown as in L D 12: 12, with the only difference that the whole time of day in hours Fig. 7 . Cumulative records of feeding activity (as in Fig. 6 ) of 3 voles at 8 ~ and the daytime distribution obtained by averaging the 3 records pattern is now repeated with a circadian cycle slightly longer than 24 h (example in Fig. 9 ). This cycle is characterized by a portion with wheel running and irregular feeding activity and a portion without wheel running and with feeding bouts occurring once every ca. 2 h. The difference is obviously not induced by S. Daan and S. Slopsema: Short-Term Feeding Rhythms in Voles the light, but based on endogenous circadian changes. The patterns of feeding and locomotor activity normally found in daytime and at night are in fact characteristic of the "subjective day" (i.e. that part of the circadian cycle which in entrainment coincides with the light part of the LD-cycle; Pittendrigh, 1974) and of the "subjective night", respectively. This finding corroborates Lehmann's (1976) result with Microtus agrestis exposed to continuous light (LL).
Short-Term Activity Rhythms and Metabolic Requirements
The short-term rhythm in small mammal activity has been interpreted by several authors as a rhythm of feeding and digestion (literature in Aschoff, 1962; Stebbins, 1975) . This theory was supported by Lehmann's (1976) simultaneous records of various behaviours in Microtus agrestis, which revealed the dependence of the rhythm on feeding activity. Indeed in many records there was no wheel-running activity in the light portion of the day, when the rhythm of feeding and associated drinking bouts was clearest. We obtained essentially the same result in Microtus arvalis (Fig. 5) . It is therefore of interest to know if the characteristic parameters of the rhythm are related to the animal's metabolic demands. It was noticed by Aschoff (1962, p. 9) and Saint Girons (1966, p. 170 ) that smaller animals tend to have a short activity rhythm with a higher frequency than larger species. We have tried to quantify this relationship on the basis of data in the literature to see if it is related to the well-known dependence of metabolic rate on body size. The analysis was restricted to the rodent subfamily Microtinae, comprising the voles and lemmings. These are characterized by similar, largely herbivorous food habits, diurnal as well as nocturnal feeding, and a pronounced short-term activity rhythm. This restriction excludes both the shrews and (Fisher and Needler, 1957) ; 2. Lemmus lemmus (Erkinaro, 1973) ; 3. Clethrionornys gapperi (Getz, 1968) ; 4. C. glareolus (Saint Girons, 1960) ; 5. Arvicola terrestris (Erkinaro, 1973) ; 6. Microtus agrestis (Lehmann, 1976) ; 7. M. arvalis (this paper, winter field data); 8. M. pennsylvanicus (Wiegert, 1961) . The log-log linear regression is: log t=0.002+0.30 log W, or t= 1.00 W ~176 (r=0.794, p <0.05; t in h, W in g) other insectivores with clear short-term rhythms but with a very different food spectrum, and the more omnivorous murid rodents, such as rats and mice, which do little or no daytime feeding and, though polyphasic, have nocturnal short-term rhythms of much less predictability than the microtines. Data are available for only 8 microtine species (Fig. 10) . Unavoidably, they were collected in very different conditions of food quality and availability, cage dimensions, time of year, ambient temperature and other environmental circmnstances. Furthermore, weights of the experimental animals were not usually reported. In such cases common body weights were derived from taxonomy books, mainly van den Brink (1955) . The uncertainty of body weight and various possible sources of variation in the short-term rhythm restrict the predictive value of the relationship shown in Figure 10 . The notion that the period of the shortterm rhythm increases with body weight is, however, supported. The log-log regression has a coefficient of 0.30 (_+0.05; 95% conf. lim.). This is close to (and indeed not significantly different from) the coefficients in other well-known exponential relationships of time constants in mammalian life with body size: Duration of heartbeat = 1.2 • 10-SM~ Duration of breath =4.7 x 10 +M ~ Lifespan = 8.9 x 103M ~ (time is in hours, M in grams; data presented by Giinther & Guerra 1955 and Stahl 1962) . These relationships have been interpreted as pointing to a metabolic scaling of physiological time (Hill 1950, G/inther and Guerra, 1955) . Metabolic rates among mammals increase proportionally with M ~ (Kleiber, 1975) . This implies that the expenditure of energy per heart-beat is proportional to M~ M ~ or to M ~~176 the energy per breath time varies with M ~'~ Similarly, the energy consumed per feeding cycle among the microtine rodents is proportional to M ~~ These are all esentially linear dependencies. Hence total metabolized energy per g body weight and per heartbeat, per ventilation or per feeding cycle is size-independent.
In a most simple-minded model, one can think of the microtine rodents as grossly isomorphic: their stomach capacity is expected to vary among species proportionally to body weight. If this capacity would be fully exploited during every meal and caloric content of the food is similar for the species, then caloric intake per meal would also be proportional to body weight. The time needed to consume this energy in metabolism is then expected to vary inversely with metabolic rates, or to be proportional to M(1/0.73)= M ~
In view of the variability inherent in this comparison of literature data, the regression coefficient of 0.30 found in Figure 9 is close enough to 0.27 to state that the frequency of the microtine short-term rhythm seems indeed roughly adjusted to the metabolic demands of the species.
This adjustment may have come about by evolutionary and ontogenetic responses and it is no indication that metabolism and food intake are causally involved in the regulation of the short-term rhythm. Causal effects of metabolism can be analysed by experimentally varying rates of intake and expenditure of energy. An obvious relationship of metabolic rate is its dependence on ambient temperature. Lowering the temperature below the thermo-neutral zone increases metabolic expenditure and results in a compensatory increase in the rate of food intake. An increased rate of food intake may be achieved by two ways, or by both simultaneously : increase of meal size or increase of meal frequency. Cursory inspection of Figures 5, 6 reveals no gross changes in the feeding pattern when ambient temperature is manipulated. However, a closer look at Figure 6 shows that in 8 ~ the first feeding bout occurred around 9 : 00 (i.e. 1.75 h after lights on), whereas in 27 ~ the first meal of the day was taken at 9:15 (2 h after lights on). Later meals in the day, though less precisely timed from day to day, occurred progressively later at the higher ambient temperature. Apparently the frequency of meals taken by this vole was slightly suppressed in the warm air. The effect was quantified by measuring the intervals between onsets and ends of meals (Table 1 ). In animals with well defined precise activity rhythms during the light part of the day, the period of the short rhythm went up with 13% (• 1.9%) from 130' at 8 ~ to 147' at 27 ~ This corresponds to a decrease in meal frequency by 12%. Simultaneously, food intake decreased by 38% in these animals, from 7.0 to 4.3 g/day (Table 1, Fig. 11 ). This large reduction in food intake cannot be explained on the basis of changes in meal frequency alone, unless the major part of the reduction took place during darkness, whereas feeding cycles were measured in the light. In none of the feeding records any indication of a relative shift from night to daytime feeding with increased temperature was seen. Furthermore, there is good agreement between relative rates of oxygen consumption measured in some voles during daytime and food intake measured over 24 h (Fig. ll) . Both are subject to much larger variation with temperature than the frequency of the short rhythm. Thus the most likely hypothesis is that the voles adjusted meal size rather than meal frequency to the temperature specific energy requirements. An- 132 (7) 130 (]6) 126 (9) 143 (7) 147 (4) other indication for this is found in the comparison of meal durations which could be measured off the feeding record (Table 1) . At high ambient temperature (27 ~ the feeding bouts tended to be shorter than at lower temperatures. A quantitative evaluation of this relationship is not included in Figure 11 , since meal duration is probably not a satisfactory indicator of meal size. Smaller meals during the light at high temperature, might off-hand be expected to take less time to digest. Yet, the period of the short-term rhythm slightly increases rather than decreases with rising ambient temperature. Hence a model of the causes of the short rhythm based on changes in satiation with intake and digestion should at least incorporate temperature-dependent variations in both meal size and digestion rates. Recently, L. Smitt in our laboratory obtained evidence that the processes of food intake, digestion and changing satiation are not at all prerequisites for the occurrence of a short-term rhythm in feeding motivation. In the same experimental set-up as the other experiments, a lucite screen was placed between cage and food rack during the 12 h of light. Care was taken that no food remnants were present in the cage. Feeding attempts, now unrewarded by the presence of the screen, were recorded in exactly the same way as before from pressings of the bar below the food rack. As shown in a sample record (Fig. 12) , feeding attempts occurred in much the same temporal order as before closing the food rack, when real meals were taken by the vole. (Since such feeding attempts often produce sparse or isolated spikes in the event record, as compared with the dense ca. 5 min blocks of pressings during real meals, Figure 12 was constructed by scoring every 12' interval with at least one spike). The conclusion emerges that periodic changes in feeding motivation in the common vole are not induced by food intake, but at best only modified or enhanced by it. The short-term feeding rhythm cannot be explained solely on the basis of repetitive changes in satiation related to intake and digestion Fig. 12 . Independence of the feeding rhythm during the day from food availability. All 12' intervals with vole activity at the food rack are indicated by hatching. Food intake in the last 3 days was restricted to the hours of darkness of food. Much rather, the repetition of a habitual daily pattern established at a time when food was continuously available, also during the light, seems evident (Fig. 12) .
Short-Term Activity Rhythms and Predatory Risk
Demonstration of the existence of short-term activity rhythms in field conditions, and of population synchrony of these rhythms at least to some degree, has raised two intriguing sets of problems. The short rhythm in voles in the field is probably largely a discrete temporal distribution of surface feeding excursions alternating with subterranean digestive pauses. This implies that predation on the voles at Ieast by such predators as diurnal aerial raptors is restricted to the short bouts of feeding activity occurring once every circa two hours. Voles are staple food for several species of raptors, such as owls, kestrels and buzzards. The questions arising are, firstly, how do the predators cope with a periodically fluctuating availability of prey in the course of the day; and, secondly, what does the varying prey availability mean to the prey itself in terms of their risk of being killed? 
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_iiiiiii!ili!iiiiiiii~;ii~iiii~ In order to analyse the daily hunting strategy in a predator preying on the common vole, 3 students in our group (C. Dijkstra, A. Rijnsdorp, and L. Vuursteen) have studied free living kestrels (Falco tinnunculus) in the Lauwersmeer area in the winter of 1977/78. Data were collected by watching with telescope and binoculars individual kestrels, hunting in the open country, as continuously as possible for many days. The temporal adjustment of kestrel hunting to prey surface activity will be the subject of a separate publication. Daily fluctuations of prey vulnerability related to their short-term rhythm are however relevant to the present discussion and some of the data from the study are summarized in Figure 13 . The analysis is restricted to those parts of the day and of the year in which the two-hour rhythm was pronouncedly expressed in the trapping records, i.e. the morning hours with the first 3 vole trapping peaks and throughs, during the months of September through April. For every single day of trapping and of observation of an individual kestrel a best estimate of the 3 peak times (each lasting one hour) and interpeak intervals (60 or 80') was derived from Figure 3 . The frequency of vole catches was then calculated for both the trapping grid and for the hunting kestrels by dividing the total number of voles caught by the time (in hours) the traps were exposed and by the time kestrels were observed, respectively. Kestrel observation time excluded those minutes during which contact was lost, but included non-hunting times. The trapping data (Fig. 13 upper panel) are interpreted as a relative measure of surface activity of the vole population throughout the winter. The kestrel data are an absolute estimate of the average hourly frequency of vole catches per kestrel present in the area (Fig. 13 middle panel) . The results are based on a total of 65 voles observed being caught by 5 individual kestrels in 236 h, or 0.28 voles/h. Highest rates of vole capture by the kestrels were recorded at those times selected on the basis of trapping records as peak 1 and peeeak 2, lowest rates in the intervals preceding these peaks. As will be shown elsewhere (Rijnsdorp et al., in preparation) this difference is the result of both higher success rates of hunting kestrels and increased hunting activity during vole peaks.
If we assume that the trapping frequency indeed gives a fair relative estimate of the number of voles active outside their burrows, a relative measure of risk per active vole due to kestrel predation can be obtained by dividing voles caught per kestrel per hour by the number of voles caught by the traps per hour. This calculation yields for: Thus predation exerted per active vole appears to be almost twice the average in the troughs of population activity and considerably less than average during peaks of vole activity. As a ratio of the average value (0.055) this "relative risk per active vole" has been plotted logarithmically in the lower panel of Figure 13 for the three morning peaks and throughs separately. Low relative risks are typical for the activity peaks, higher values were found in the intervals between peaks. Implications of this finding for the adaptive significance of the short-term rhythm will be discussed below.
Discussion
For the understanding of the physiological organization of behaviour, functional considerations are not a mere speculative appendix to experimental results; they have an integrative share in the development of hypothetical guidelines for physiological research. Pittendrigh (1974) , who molded so many of our current views on biological clocks, has pointed out that the major impetus to the experimental analysis of circadian rhythms originated with the detection of clear functional meaning: their role in sun-compass orientation in birds (Kramer, 1950) and bees (Von Frisch, 1950) . The regulation of behaviour to a large extent is a problem of timing of behavioural events and sequences. In order to understand the timing mechanisms it is important to know how crucial accurate timing is to the fitness of the animal. Observed periodic alternations of feeding and fasting may be the result of changing satiety levels in response to food intake and digestion, as in the models proposed by De Ruiter et al. (1969) , and Geertsema and Reddingius (1974) . However, if it is important to the animal to perform its feeding activity at a particular environmental time, such a mechanism may be insufficient by its inherent inaccurateness. Random variations in durations of meals and digestive pauzes would be accumulated in the course of time. The genes relying on accurate timing of the behaviour of their survival machines (Dawkins, 1976) would rather be expected to leave control to a mechanism independent of such sources of variation. Feeding activity among the microtines is not concentrated in the darkness as it is in many other rodents. The correlation among voles and mice of activity spread evenly over night and day with specialisation in low nutritious food has been pointed out by Hansson (1971) . Experimentally it is known that low caloric content of food in Microtus agrestis evokes a more even distribution of activity (Grodzinski, 1962) . Voles are typically herbivores relying for nutrition probably heavily on the breakdown of celluloses by intestinal bacteria in the strongly developed caecum. The problem for herbivores employing bacterial fermentation is conceptually one of striking a balance between continuous culturing the intestinal flora and optimally fitting their feeding behaviour in the daynight cycle. Cattle have solved the problem by distributing rumination virtually evenly over night and day, although grazing is mostly restricted to daylight (Aschoff, 1962, Abb. 7) . Rabbits are mainly nocturnal but show daytime reingestion of soft fecal pellets regulated by an endogenous circadian oscillation (H6rnicke and Batsch, 1977) . Geese are usually diurnal grazers, but they shift part of their daytime grazing activity to the night if the full moon provides enough illumination (Ebbinge et al., 1976) .
Details of the digestive process in the common vole remain unknown, but for further investigation we use as a working hypothesis that it is the bacterial degradation of bulky food which puts a premium on a regulation of food intake with only short interruptions. A long diurnal fast, as in many granivorous and omnivorous small rodents, may be disadvantageous for efficient fermentation. On the other hand feeding outside the burrow is associated with the risk of predation. It is not a priori clear why this risk should be greater in daytime than at night, although at least visually hunting predators can be avoided by reduction of surface activity during the day. At any rate the behaviour of the voles in captivity, showing short diurnal excursions from the burrow to feed and probably excrete, and more disperse feeding and general locomotor activity during the night, seems adaptive to restrict the hazards of daytime predation. This pattern of feeding in captivity reflects the behaviour recorded by trapping in the field in considerable detail. Of course one should be careful in suggesting that trapping records reflect the natural activity patterns of the voles. Baited traps provide additional food sources the presence of which may artificially have induced the two-hour rhythm in trap visits. The occurrence of peaks in kestrel predation on voles (Fig. 13 ) based on varying kestrel hunting success rates in synchrony with trapping peaks, provide evidence that the trapping rhythm is not an artefact but that variations in trapping frequency indeed are associated with variations in vole surface activity.
Assuming that metabolic requirements demand repeated feeding during daylight, while feeding trips are associated with a risk of predation, there is a clear optimization problem in the timing of meals. We can not solve this problem on the basis of the present results, although some evidence suggests how the common vole has solved it. If optimal feeding requires inter-meal intervals less than some threshold duration, say 2 h, total time spent feeding in daylight will be minimized by starting the day with an intermeal-interval, preceded by a dawn meal taken in the last safety of the night. Any other schedule will obviously lead to either longer total feeding in the light, or surpassing the optimal fasting threshold. A postdawn fasting interval is indeed the most general trend in both feeding (Fig. 5-7 ) and trapping records (Fig. 2-3 ). This general strategy leads to a first feeding trip outside the burrow which occurs virtually synchronously in the population. From then on, the best strategy is far less obvious. There is clearly a great deal of temporal variation in predatory pressure exerted on the population, exemplified by the kestrel behaviour (Fig. 13) . For the individual vole this does not mean that it pays a higher penalty (in terms of risk) for surface activity at the peaks of predation. Rather, the data ( Fig. 13 lower panel) suggest that the risk of being killed is lower for voles active at the population peaks than for voles active at times of low population activity. There is safety in numbers. The kestrels in fact selected for synchrony by picking out a greater proportion of voles that had their meals out of phase with the majority of the population. Such selection is at least suggested by the present data. It is unlikely however, that this mechanism always operates in the same direction. Relative safety and risk in this view are based on numbers of active voles. Voles by eminence are the group of mammals notorious for their fluctuations in numbers. At extreme population densities one may expect predatory selection to favour rather than punish those animals which are out of phase with the majority: at low density since prey availability outside the peak times may drop below the level where a predator switches to alternative prey, at high density because predators may easily fulfill their food requirements by hunting exclusively during peak times. The quantitative detail depends on how well the predator is able to temporally adjust its hunting strategy to short-term fluctuations in prey supply (Rijnsdorp et al., in preparation) . Before this is studied at various population densities, we cannot be sure that for the individual vole there is general selective advantage in the timing of meals in synchrony with the majority. There is some initial suggestion (Fig. 8) that adjustments in meal timing may be made by voles in response to close contact with conspecifics. However, the area over which predators exert their influence is of far greater scale (a kestrel home range is in the order of 4'106m 2) than home ranges (in the order of 10am 2) in which voles may respond to each other. Hence to achieve good synchrony over large areas voles should use relatively precise endogenous timing mechanisms. The general breakdown of population rhythmicity in the course of the day, both in the field (Fig. 2 ) and in individual isolation (Fig. 7) is indeed reason to doubt the general importance of population feeding synchrony as a mechanism reducing individual risk by safety in numbers.
A consideration of wider importance can be attached to the results of Figure 13 . Within the day there are obvious short-term fluctuations of predatory risk, which are not levelled out by accumulating the data over a whole winter. This implies that there is fair correlation and predictability from day to day in the times of high and low risk. A prey animal may collect little information on this daily variation, although in some instances it may spot a predator and have a timely escape. On most days a vole at dawn faces up to the task of optimally timing his risky feeding trips, endowed by experience with no more information than that it is alive and well even though it made several such trips on the previous day, say at 8, 10, 12, 14 and 16 o'clock. If it had been attacked by a predator on one of these occasions, this would have some predictive value for the next day and the abvious best strategy would be to change the schedule. Conversely, in that far majority of cases where no attack occurred, the optimal strategy is to adhere to the same schedule. There is a tiny, but in the long run significant change that the risk of surface activity is slightly lower at a time of day when a vole has been foraging safely than at other times. So as a point of departure the vole may do well to pattern his day after the previous one. For such a purpose an endogenous timing system able to predict local solar time would be needed. The hypothesis that circadian clocks serve this purpose has been advanced by Enright (1975) , who stated that repeated circadian patterns of behaviour may represent the real ecological meaning, the primary adaptive significance of biological clocks for higher animals : a timedependent environmental entrainment of "habits", so that the animal can exploit the strategy of getting into a "behavioural rut"! This strategy would certainly allow much interindividual variation in the timing of feeding behaviour but little intraindividual variation from day to day (Fig. 7) . Curiosities such as a vole paying his first visit of the day to a trap at 8 o'clock sharp, three days in a row (Fig. 4) are highly suggestive of the natural occurrence of individual daily habits. On the basis of Enright's hypothesis we may understand why an endogenous circadian oscillator is entrusted with the regulation of the short-term feeding rhythm (Fig. 9) , even though the gross effect is a non-circadian pattern of food intake, spread evenly over the day and night. We may further begin to see why meal frequency is relatively invariant with environmental conditions, while meal size is the prime parameter adjusted to metabolic demands (Fig. 11 , and better evidence presented for rats by Levitski, 1970) , and why daily changes in feeding motivation in voles appear unrelated to the acts of food intake and digestion (Fig. 12) , but under control of a higher order timing system. Current views on the regulation of feeding behaviour emphasize its homeostatic properties and the diversity of signalling systems from the internal environment (Silverstone, 1976) . For a full understanding of the motivational control system it will be necessary to grasp the importance to the animal of optimally fitting its feeding behaviour in the fluctuations of the external environment.
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